Introduction
Pulse wave velocity (PWV) is an indicator of arterial stiffness (1) and a marker for vascular damage, particularly in the aorta and carotid artery (2) . Cohort studies have indicated that PWV is an independent predictive marker of cardiovascular mortality in hypertensives (3) and diabetic patients (4) . Although some studies have cross-sectionally examined the relation of traditional cardiovascular risk factors, such as age, hypertension, diabetes and hyperlipidemia, with PWV (5-12), most of them failed to clarify the determinants of with brachial-ankle PWV (baPWV).
Methods

Study Population
The subjects were white-collar male workers in the head office of a chemical company in Osaka, Japan. There were originally 659 employees aged 22-77 years old. Among them, we chose 237 upper-middle-aged subjects aged 50-59 years, because previous studies have shown a strong relation between age and PWV (7, 11, 12) , and a study population with wide-range age distribution may mask the relation between potential risk factors and PWV. We excluded female subjects, because there were only 8 female employees in this age group. Of the 229 eligible male subjects, a total of 51 were excluded for the following reasons: past history of stroke or coronary disease (n 5), low ankle/brachial pressure index (< 0.9; n 3), acute inflammatory disease with high fever or rheumatic arthritis at blood collection (n 3), clinically high level of serum CRP suggesting a latent inflammatory disease (>10 mg/l; n 2), and employees who did not undergo the PWV measurement (n 38). The final study group thus consisted of 178 subjects. None of the subjects were taking any vitamin supplements, including vitamin E, at the time of enrollment. Informed consent was obtained from all subjects.
Approval for this study was obtained from the Institutional Review Board of Shiga University of Medical Science (No.14-9, 2002).
Biochemical and Physical Examinations
Overnight fasting blood samples were collected on the occasion of the company's annual health check-up. α-Tocopherol was measured at the Public Health Institute of Kochi Prefecture, and all other blood measurements were made at the Shionogi Biomedical Laboratory, Osaka. Total cholesterol (TC), high-density lipoprotein (HDL) cholesterol and triglyceride (TG) in serum were measured enzymatically. Lipid measurement at this laboratory has been standardized by the Osaka Medical Center for Health Science and Promotion, a member of the Cholesterol Reference Method Laboratory Network (CRMLN) controlled by the Center for Disease Control and Prevention (CDC; Atlanta, USA) (17) . Low-density lipoprotein (LDL) cholesterol was calculated by Friedewald's formula. Plasma fasting glucose was measured by the hexokinase method.
Serum α-tocopherol was measured by reversed-phase high-performance liquid chromatography (HPLC) with fluorescence detection. The intra-assay coefficient of variation was 1.8% (n 10), and the inter-assay coefficient was 1.9% (n 10).
Serum CRP levels were measured by using a Latex tubidimetric immunoassay kit as a high-sensitivity assay (LPIA-CRP-H; Dia Iatron, Tokyo, Japan). This assay was standardized according to the Certified Reference Material 470 (CRM470; IRMM, Geel, Belgium). The detectable limitation of this assay was 0.02 mg/l, sufficient sensitivity to detect 0.1 mg/l or more of serum CRP with an intra-assay coefficient of variation under 5% (18) . In the present study, the measured value of CRP was highly correlated to that of the CRP assay by nephelometry (Dade Behring, Ltd., Tokyo, Japan), which the US Food and Drug Administration (FDA; Washington, DC, USA) has certified to be a high-sensitivity assay for CRP (r 0.97, p<0.001). In addition, the 1-year intra-individual correlation of CRP levels was examined in 76 randomly selected subjects. A medical doctor assessed daily alcohol intake and smoking habits using a previously reported method (19) . We defined 11.5 g of ethanol as one drink, and 20 cigarettes as one pack.
Brachial-Ankle Pulse Wave Velocity
Brachial-ankle PWV was measured using a Form PWV/ABI device (also known as a VP 1000; Colin Corp. Co., Ltd., Komaki, Japan). Measurements obtained with this device have been shown to have good reproducibility and to be highly correlated with aortic PWV obtained by a cathetertip manometer (20) . Brachial-ankle PWV measurements made with this device have also been significantly correlated with the length of abdominal aortic calcification on X-ray films (10) and with carotid femoral PWV (21) . Details about this instrument and its use have been described elsewhere (11, 20) . Briefly, the subjects were examined in the supine position. Waveform data was obtained from a volume plethysmographic sensor in cuffs on the right brachium and both ankles, and time intervals (T) between the wave front of the right brachium and that of both ankles were calculated. The distance (L) between the heart and sampling points was calculated automatically according to the subject's height. baPWV was calculated from the following formula: baPWV L/T (L La Lb, where La is the path length from the heart to ankle, and Lb is the path length from the heart to brachium). In the present study, the measurement of baPWV was performed on a different occasion from the blood collection, so that the participant would be mentally relaxed. Heart rate and systolic and diastolic blood pressure (SBP/DBP) were measured at the same time by this device.
Statistical Analysis
We used the mean of the right and left baPWV during analysis, because there was a strong significant correlation between right and left baPWV (Pearson's correlation coefficient: r 0.97, p<0.001), which was consistent with a previous study (9) . We also used the mean of the right and left brachial SBP and DBP, because there was a strong significant correlation between these parameters as well (r 0.96, p<0.001 for SBP; r 0.94, p<0.001 for DBP). We comput-ed geometric means (antilogarithms of the log-transformed mean) for CRP, TG and fasting plasma glucose, because the distribution of these blood measures was positively skewed.
Age-adjusted means of baPWV were estimated with analyses of covariance-a method suitable for the statistical adjustment of covariate factors that are linearly correlated to the dependant variable (22)-in each quartile of serum α-tocopherol, CRP levels and other risk factors. Multiple linear regression analysis was used to clarify the contribution of serum α-tocopherol and CRP to baPWV after adjusting for other risk factors. The Statistical Package for the Social Sciences (version 10.0J; SPSS Japan Inc., Tokyo, Japan) was used for the analyses. All probability values were two-tailed and all confidence intervals were estimated at the 95% level.
Results
The risk characteristics of participants are summarized in Table 1 . The mean age among subjects was 54.2 years (SD: 2.8). The range of α-tocopherol was 22.3-63.1 µmol/l and the range of CRP was 0.1-9.8 mg/l. The arithmetic mean of α-tocopherol was 38.9 µmol/l and the geometric mean of CRP was 0.47 mg/l. The 1-year interval Pearson's correlation coefficient of log-transformed CRP was 0.69 ( p<0.001) in the 76 randomly selected subjects, and 84% of these subjects were classified into the same quartiles by each of the two measurements (data not shown). Table 2 shows the age-adjusted means of baPWV according to the quartiles or categories (for smoking and drinking) for each risk factor. Serum CRP, SBP, DBP, heart rate and plasma glucose were positively associated with baPWV, which was higher in the higher quartile groups. Regarding the serum LDL cholesterol quartile categorization, there were significant differences in mean baPWVs; the mean baPWV was highest in the lowest LDL-cholesterol quartile. HDL-cholesterol, triglyceride, BMI, smoking, drinking and serum α-tocopherol were not significantly related to baPWV. Table 3 shows partial regression coefficients in the multiple linear regression analysis. In this model, SBP, age, serum CRP and heart rate were positively associated with baPWV, in that order, according to t-values. The multiple correlation coefficient (R) of this model was 0.76, and the degrees of freedom (df)-adjusted coefficient of determination (R 2 ) was 0.54 (F 18.3, p<0.001). Serum α-tocopherol, serum lipids (LDL cholesterol, HDL cholesterol and triglyceride), fasting blood glucose, BMI, drinking and smoking showed no associations with baPWV. These results were not substantially affected even if we used DBP or mean blood pressure (MBP) as an independent variable instead of SBP. The multiple correlation coefficients (R) of these models were 0.73 and 0.75, and the df-adjusted coefficients of determination (R 2 ) were 0.50 and 0.52, respectively (F 15.5, p<0.001 and F 17.3, p<0.001). Figure 1 shows the multivariate-adjusted means of baP-WV according to the quartiles of serum CRP. The results suggested that serum CRP had a positive graded relation with the baPWV ( p 0.033). Arithmetic means were calculated for all blood measured except for tryglyceride, fasting blood glucose and CRP (geometric mean). Hypertension was defined as SBP being 140 mmHg or higher, or DBP being 90 mmHg or higher, use of antihypertensive agents or any combination of these. Diabetes was defined as plasma glucose level being 7.0 mmol/l (126 mg/dl) or higher, use of antidiabetic agents including insulin injection, or any combination of these. Hypercholesterolemia was defined as a serum LDL cholesterol level being 4.14 mmol/l (160 mg/dl) or higher, use of lipid-lowering agents, or any combination of these. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL, low-density lipoprotein; HDL, high-density lipoprotein; CRP, C-reactive protein; baPWV, brachial-ankle pulse wave velocity. Age-adjusted means of baPWV were estimated with analyses of covariance. SBP, systolic blood pressure; DBP, diastolic blood pressure; baPWV, brachial-ankle pulse wave velocity; BMI, body mass index.
Discussion
To our knowledge, this is the first report to show a positive relation between serum CRP and PWV, with the exception of a previous report on hemodialysis patients (23) . Elevated levels of CRP reflect the presence of unstable plaque, which is at high risk of rupture (24) . However, non-elderly subjects without past histories of cardiovascular diseases, such as those in the present study, may be unlikely to possess unstable plaques. The earliest events that precede the atherosclerotic changes are increased endothelial permeability to lipoprotein, which is mediated by, for example, nitric oxide (NO), endothelin and angiotensin II (25) . Recent studies have demonstrated that CRP inhibits the production of NO and induces endothelin-1 and angiotensin II (25, 26) . These findings suggest that CRP plays an important role in the pro-, or early-, stage of atherosclerosis. Since a pathologic study of young subjects showed that atherosclerosis first develops in the aorta (27) , the presence of PWV has been thought to be a useful indicator for assessing early-stage atherosclerosis. These results are consistent with the positive relation between serum CRP and baPWV observed in the present study.
When we regard the serum CRP level as a risk factor for early atherosclerosis, its intra-individual stability becomes important, since causal risk factors require a certain period of continuous exposure before disease occurrence. In the present study, the 1-year intra-individual stability of serum CRP was relatively high; its Pearson's correlation coefficient was 0.69. Other studies examining the 5-year intra-individual stability reported correlation coefficients of 0.43 (28) and 0.63 (29) . These results indicate that a single measurement of high serum CRP may reflect a sufficient exposure time to be considered a causal risk factor for cardiovascular disease.
On the other hand, serum CRP levels are associated with blood pressure levels and hypertension (30) (31) (32) (33) . A recent study in healthy males demonstrated positive associations between blood pressure and interleukin-6 (IL-6), which induces CRP through the hepatic acute-phase response involved in inflammation (34, 35) . Angiotensin II, a major determinant of blood pressure, induces inflammatory activation of human vascular smooth muscle cells with dose-dependent release of IL-6 (36, 37) . The relation among angiotensin II, IL-6 and CRP is thus complicated, and there is a possibility that the relationship between CRP and baPWV is still affected by these biological linkages even after statistically adjusted. Because the present study had a cross-sectional design, and could not prove a causal relation between CRP and baPWV, a further prospective study will be needed.
Regarding other traditional risk factors, age and high blood pressure were positive and strong determinants of PWV, as in previous studies (5) (6) (7) (8) (9) (10) (11) (12) . However, in the age-adjusted analysis in the present study, LDL cholesterol tended to be inversely associated with baPWV. This unexpected inverse relation may have been due to the fact that the prevalence of hypertension was higher in the 1st quartile of LDL cholesterol (39.5%) than in the other quartiles (22.2-28.3%). Furthermore, our multiple linear regression analysis did not indicate any relation between serum lipids and baPWV. Similar to the present study, most previous studies failed to clarify the relation between blood lipid parameters and carotidfemoral PWV or baPWV. Although one large study using baPWV measurements in 12,517 subjects showed significant relations between lipid factors (TC, HDL cholesterol and TG) and baPWV (11) , linear regression analysis revealed that the absolute values of the partial regression coefficients for each of TC, HDL cholesterol and TG in males were much smaller (0.03-0.15) than those of age (0.50), SBP (0.61) and DBP (0.61). Some studies have also reported that arterial stiffness measured by carotid-femoral PWV reflects the sclerotic rather than the atherotic component of atherosclerosis (5, 8) . These results may suggest that the influence of lipid parameters on PWV is weak. Another reason for the lack of relation between lipid parameters and baPWV is the varying "lag time" between exposure to hypercholesterolemia and occurrence of atherosclerosis, because Japanese serum cholesterol levels in this age group might be very low in their young periods (38) . Some previous studies have shown a positive relation between glucose intolerance or diabetes and baPWV (9, 11) . However, in the present study, although fasting blood glucose showed a positive relation with baPWV in the age-adjusted analysis, there was no relation after adjusting for other risk factors. Fasting blood glucose showed a significant positive relation with SBP (r 0.20, p 0.007) and heart rate (r 0.23, p 0.003), and this may have masked the relation between fasting blood glucose and baPWV in the multivariate adjustment.
Concerning the lack of relationship between serum α-tocopherol and baPWV, there are several possible explanations. Experimental studies have shown that atherosclerosis results from a series of oxidative processes (25) , and the anti-atherogenic effect of α-tocopherol is mainly due to the reduction of LDL cholesterol oxidation. In the present study, because there was no relation between LDL cholesterol per se and baPWV, it may be reasonable to expect that there was also no relation between serum α-tocopherol and baPWV.
Another possible explanation is that the serum α-tocopherol level may be a weak predictive marker for the initial progression of atherosclerosis. There have been many prospective studies clarifying the effects of α-tocopherol on the primary prevention of cardiovascular diseases (39) . Some cohort studies have shown that dietary intake of α-tocopherol helps prevent cardiovascular diseases (13, 14) . However, to our knowledge, there has been only one study exploring the relation between blood α-tocopherol levels and cardiovascular events; the results showed an unexpected positive relation between plasma α-tocopherol levels and cardiac deaths, although this relation did not reach the level of statistical significance (40) . Blood level of α-tocopherol might not be an indicator of anti-oxidation in human subjects. Furthermore, most of the randomized controlled trials failed to find a beneficial effect of α-tocopherol supplementation for the primary prevention of cardiovascular diseases (39) . These findings may suggest that α-tocopherol plays only a weak role for primary prevention of cardiovascular diseases in a healthy population.
There are several limitations in the present study. One is the lack of association between baPWV and habits of drinking or smoking. Previous studies have reported a positive relationship between increase of carotid-femoral PWV and cigarette smoking (41) or 46 g/day or more alcohol intake (42) . In the present study, the prevalence of current smokers and drinkers was lower than that in the general Japanese population (43) . A selection bias due to the "healthy workers" effect (44) may have played a role in the absence of a relation between smoking or drinking and baPWV. Finally, we did not measure blood IL-6 or ascorbic acid levels (45) , which may be important confounding factors that affect the relation between α-tocopherol and baPWV.
In conclusion, serum CRP levels were associated with the elevation of baPWV, in addition to age, blood pressure and heart rate. However, no relation was observed between α-tocopherol and baPWV.
